Abstract. The obesity-asthma phenotype is characterized by increased asthma severity and decreased glucocorticoid responsiveness. To date, the mechanism underlying the association between obesity and asthma remain to be fully elucidated. The present study investigated the correlation between oxidative stress and the nuclear factor (NF)-κB pathway in obese asthmatic mice. The animals were divided into the following groups: Control (n=8), comprising C57BL/6J mice without exposure to a high-fat diet; non-obese asthma group (n=8), comprising mice of a normal weight subjected to the induction of asthma; obese control group (n=8), comprising C57BL/6J mice subjected to a high-fat diet; and obese asthmatic group (n=8), comprising obese mice subject to the induction of asthma. The levels of the malondialdehyde (MDA) oxidant and glutathione (GSH) antioxidant in the lungs and bronchoalveolar lavage fluid (BALF) were measured using ELISA. The expression levels of inhibitory κB kinase-β (IKK-β) and the inhibitor of κBα (IκB-α) in the pulmonary tissues was determined using western blot analysis. An electrophoretic mobility shift assay was performed to determine the transcription activity of NF-κB. The levels of MDA in the BALF and lung tissues increased significantly in the two asthmatic groups, compared with the control groups (P<0.01). The asthmatic mice showed significantly lower concentrations of GSH in the BALF and lung tissues, compared with the control groups (P<0.01). In the asthmatic animals, the expression of IκB kinase (IKK)-β and activation of NF-κB were upregulated in the pulmonary tissues, compared with those in the control groups (P<0.01). The expression of IKK-β and transcriptional activity of NF-κB were significantly higher the in obese asthmatic mice, compared with the non-obese asthmatic mice (P<0.01). On examining the expression levels of IκB-α in the pulmonary tissues, a significant reduction was found in the asthmatic animals, compared with the controls (P<0.01). In addition, the level of IκB-α was significantly lower in the obese asthmatics, compared with the non-obese asthmatics (P<0.01). MDA was positively correlated with NF-κB in the obese asthmatic group (R=0.83; P<0.05) and non-obese asthmatic group (R=0.82; P<0.05). Oxidative stress was upregulated in the pulmonary tissues of the asthmatic mice. This upregulation was more marked in the obese asthmatic mice, and was positively correlated with activation of the NF-κB signaling pathway in the pulmonary tissues. The results in the present study indicated that higher oxidative stress and activation of the NF-κB signaling pathway were observed in the lung tissues of the obese asthmatics. Furthermore, a positive correlation was identified between oxidative stress and NF-κB.
Introduction
Asthma is a chronic inflammatory airway disease. Several factors have been considered to be associated with the pathogenesis of asthma, among which obesity has been considered as an independent risk factor (1). Accumulating evidence indicates that an imbalance between the production of reactive oxygen species (ROS) and antioxidant defenses, favoring a more oxidative state, is present in asthma or obesity (2, 3) . For example, in patients with asthma or obesity, the elevation of oxidative stress and changes in antioxidant defenses have been reported (2, 4) . However, the potential mechanism underlying the association between obesity and asthma remain to be fully elucidated.
Increasing attention has been focussed on the role of oxidative stress in obese patients with asthma. According to a previous study, increased systemic or airway oxidative stress may be a potential cause for increased severity in the co-occurrence of obesity and asthma (5) . Albuali reported that the serum level of malondialdehyde (MDA), a biomarker of oxidative stress, is markedly increased in obese children, compared with a normal control group, whereas the serum levels of glutathione (GSH), an antioxidants, is decreased (4) . In addition, body mass index (BMI) has been found to be associated with exhaled 8-isoprostanes, another biomarker of oxidative stress, in asthmatics (5). Johnson et al reported that calorie restriction contributed to the reduction of oxidative stress in obese patients with asthma by weight loss (6) . These previous reports indicate the requirement to investigate the mechanism underlying the involvement of oxidative stress in the obesity-asthma association.
Nuclear factor (NF)-κB, a redox-sensitive factor, has been considered to be closely associated with oxidative stress (7) . Of note, a vicious cycle has been reported between the NF-κB pathway and oxidative stress. Oxidative stress is crucial in the activation of the NF-κB signaling pathway, however, several inflammatory cytokines are produced following activation of this pathway, resulting in the aggravation of oxidative stress (8) . NF-κB has been considered to be critical in the pathophysiology of asthma, as it can modulate the majority of the inflammatory cytokines involved in the pathogenesis of asthma, including intercellular adhesion molecule-1, tumor necrosis factor-α and interleukin-8 (9). For example, Lee et al reported that the levels of ROS and NF-κB levels were increased in a murine model of asthma, and that ROS upregulated the activation of NF-κB (10) . Notably, activation of NF-κB in the whole body was reported in obese fed a high-fat diet (11) . In addition, Pierce et al reported that NF-κB is important in the modulation of patients with obesity-associated vascular endothelial dysfunction, partly via stimulating oxidative stress (12) . However, few reports are available investigating the association between the NF-κB pathway and oxidative stress in the obesity-asthma association.
In the present study, an obesity-asthma mouse model was established, based on which the correlation between oxidative stress and the NF-κB pathway was investigated. The aim was to determine whether oxidative stress was upregulated in the pulmonary tissues of the obese asthmatic mice, and whether oxidative stress was correlated with activation of the NF-κB signaling pathway in the pulmonary tissues.
Materials and methods
Animals. Female C57BL/6J mice of specific-pathogen-free grade (3-4 weeks old, weighing 16±1.6 g) were purchased from the Shanghai Laboratory Animal Center (Shanghai, China). The animals were housed and fed in the Animal Laboratory Center of Qingdao University (Qingdao, China) for adaptation for 1 week, in a chamber at a temperature of 25˚C and with a humidity of 60%, a 12 h light-12 h dark cycle and free access to food and water. All protocols used in the present study are approved by the ethics committee of the Affiliated Hospital of Qingdao University.
Preparation of obese mice. The mice were fed with a high fat diet (45% energy; D12451; Research Diets, New Brunswick, NJ, USA) ad libitum for 12 weeks. The body weight of the animals was monitored every week. Obese mice were defined as those with a body weight >20% higher, compared with the baseline weight. The animals, which were not designated as obese were excluded from further investigations.
Experimental design. The animals were divided into the four following groups: Control group (n=8), comprising C57BL/6J mice with a normal diet; non-obese asthma group (n=8), comprising C57BL/6J mice with a normal weight subjected to the induction of asthma; obese control group (n=8), comprising obese C57BL/6J mice subjected to a high-fat diet; and obese asthmatic group (n=8), comprising obese mice subjected to the induction of asthma.
For the induction of asthma, the animals in the non-obese asthma group (n=8) and obese asthmatic group (n=8) were immunized with an intra-peritoneal injection of 25 µg ovalbumin (Sigma-Aldrich, St. Louis, MO, USA) and 1 mg aluminum hydroxide (Sigma-Aldrich) on day 1 of weeks 13, 14 and 15, respectively. Subsequently, 2% ovalbumin was administered via atomization at week 16 for 30 min per day, followed by atomization every other day in weeks 17, 18 and 19, respectively. The animals in the control (n=8) and obese control group (n=8) were treated at the same time points, using phosphate-buffered saline (PBS; Shanghai Institute of Biotechnology Co., Ltd, Shanghai, China).
At ~24 h during the final challenge, anesthesia was performed using 10% chloral hydrate (0.004 ml/kg body weight), followed by cervical dislocation to sacrifice the mice. Subsequently, thoracotomy was performed, based on which the trachea and primary bronchus were exposed, and the left lung was lavaged twice using 0.5 ml PBS. The bronchoalveolar lavage fluid (BALF) was centrifuged at 1,000 rpm (433 x g) for 10 min at 4˚C. The resulting pellet was suspended in PBS, and the cytological classification was performed by microscopy, using an Olympus CX21 microscope (Olympus, Tokyo, Japan) with a magnification of 100x. Each slice was selected for each mouse, and 200 cells were randomly selected from four regions to record the cell count. For Giemsa staining, two or three drops of resuspension solution of BALF were spread onto the microscope slides, heat-fixed, stained with Giemsa stain for 10 min, and subsequently washed under running tap-water for 2 min. The lung tissues were fixed, and hematoxylin staining was performed as previously described (10) .
Determination of levels of MDA and GSH in pulmonary tissues and BALF. Following homogenization of the frozen pulmonary tissues at 0˚C in an ice water bath, the mixture was centrifuged at 3,000 g for 10 min at 4˚C. Subsequently, the supernatant was obtained, and the concentrations of MDA and GSH in the supernatant and BALF were determined using an ELISA assay. The ELISA kits (for MDA, cat. no. ml98012;for GSH, cat. no. ml027889) were purchased from Mlbio Co., Ltd., Shanghai, China), and the ELISA assay was performed according to the manufacturer's protocol. The micro-plate 550 reader was purchased from Bio-Rad Laboratories (Shanghai, China). The quantity of the supernatant was 100 µl, and the wavelength was set at 450 nm.
BALF cytological classification and histological evaluation.
For the cytological classification of the BALF, the number of cells were counted independently by two investigators, in a blinded-manner, using a CX21 Olympus microscope. In total, four fields were randomly-selected, and ~200 cells were counted in each of the fields. Histological examination was performed using specific scoring criteria previously described by Lee et al (13) . The grade of inflammation was scored at the same time by the two investigators. The level of peribronchial and perivascular inflammation was evaluated subjectively, according to a previous report (13) , in which a value of 0 represented no inflammation, 1 represented occasional inflammatory cells, 2 represented bronchi or vessels surrounded by folium (1-5 cells) of inflammatory cells, and 3 represented a thick layer of inflammatory cells (>5 cells) surrounding the bronchi or the vessels.
Western blot analysis. The pulmonary tissues (100 mg) were homogenized in radioimmunoprecipitation assay lysis buffer (Mlbio Co., Ltd.; cat. no ml16963) containing protease and phosphatase inhibitors. The Bradford method was used for protein quantification. A total of 10 µg proteins were separated by electrophoresis on a 10% SDS-PAGE gel using an SDS-PAGE Gel Preparation kit (cat. no. KGP113; Shanghai Institute of Biotechnology Co., Ltd.), and the samples were subsequently electro-transferred onto a nitrocellulose filter (cat. no. nc-b102; Jieyi Biotech, Shanghai, China) at a current of 200 mA for 2 h. Subsequently, the membrane was blocked using 5% non-fat milk and incubated with the primary antibodies against inhibitory κB kinase-β (rabbit monoclonal antibody IKK-β; cat. no. 2370, 1:1,000; Cell Signaling Technology, Inc. Danvers, MA, USA) and the inhibitor of κBα (rabbit monoclonal antibody IκB-α; cat. no. 4812, 1:1,000; Cell Signaling Technology, Inc.) at 4˚C overnight. Following incubation, the membrane was incubated with peroxidase-conjugated, goat anti-rabbit secondary antibodies (1:1,000; Cell Signaling Technology, Inc.) for 1 h at room temperature. The membranes were washed with PBS. The same membrane, loaded with β-actin, served as a control. The relative density of IKK-β and IκB-α to β-actin was evaluated using Gel-Pro32 software (Syngene, Inc., San Diego, CA, USA).
Electrophoretic mobility shift assay (EMSA).
To determine the binding activity between NF-κB and DNA, an EMSA was performed, as previously described (14) . In brief, the nuclear protein was extracted from the pulmonary tissues using commercial kits (KeyGen Biotech Co., Ltd., Nanjing, China), according to the manufacturer's protocol. The protein concentration was determined using the Bradford method. Subsequently, a biotin-labeled NF-κB probe (Pierce Biotechnology, Inc., Rockford, IL, USA) was incubated with the nuclear protein at 15-20˚C for 30 min. The products were then separated by electrophoresis on a 6% non-denaturing polyacrylamide gel (Invitrogen; Thermo Fisher Scientific, Inc., Shanghai, China). The competition experiment was performed through the addition of a 100-fold solution of unlabeled probe (Pierce Biotechnology, Inc.), following which the biotin-labeled probe (Pierce Biotechnology, Inc.) was added to the reaction. Finally, the relative density of the probe was evaluated using Gel-Pro32 software (Syngene, Inc.).
Statistical analysis. All data are presented as the mean ± standard error of the mean. SPSS 17.0 was used for the statistical analyses (SPSS, Inc., Chicago, IL, USA). One-way analysis of variance was used to compare inter-group differences. The significance of correlations was evaluated using Pearson's correlation coefficient. P<0.05 was considered to indicate a statistically significant difference.
Results
Acute symptoms induced by asthmatic attack. Following the induction of asthma, the animals showed dysphoria or a state of motionless, tachypnea, nodding respiration, reduced erection and forelimb shrinkage, as well as urinary and fecal incontinence. However, in the normal control group and obese control group, no such symptoms were observed.
Total cell count and cytological classification in BALF.
A significant increase in the total cell count was found in the BALF from the non-obese and obese asthmatic groups, compared with the control and obese control groups (P<0.01; Table I ), in which only a small number of cells were observed. Regarding the number of eosinophils and neutrophils, the number of these cells showed a marked increase in the two asthmatic groups, compared with the control groups (P<0.01). However, the number of neutrophils was higher (P<0.01), and the number of eosinophils was lower (P<0.01) in the obese asthmatic mice, compared with the levels in the non-obese asthmatic group. No statistical difference was observed between the two control groups (P>0.05).
Pathological variation in lung tissues.
In the non-obese control group, the bronchioles and alveolar were clear with no inflammatory cell infiltration. In the obese control group, a reduction in inflammatory cell infiltration was observed. In the non-obese asthma group, the significant infiltration of inflammatory cells was noted around the bronchioles, together with reduced formation of the plica mucosa, and thickening of the smooth muscle and basement membrane. In the obese asthmatic group, severe infiltration of inflammatory cells was observed, together with rupture of the mucous A B membrane and smooth muscle, and alveolar fusion ( Fig. 1A and B).
Concentrations of MDA and GSH in BALF and lung tissue.
The concentrations of MDA in the BALF and lung tissues showed significant increases in the two asthmatic groups, compared with the control groups (P<0.01; Fig. 2A and B) . Their levels were comparatively higher in the obese asthmatic group, compared with those in the non-obese asthmatic group (P<0.01). These results indicated the presence of oxidative stress in the airway and lung tissue of asthmatics, which was even more marked in the obese asthmatic mice. No significant difference was observed in the levels of MDA in the two control groups (P>0.05). Asthmatic mice had significantly lower BALF and lung tissue concentrations of GSH, compared with the control group, respectively (P<0.01; Fig. 2C and D) . In addition, the concentration of GSH was significantly lower in the obese asthmatic mice, compared with that in the non-obese asthmatic mice (P<0.05). On this basis, it was clear that the decrease in antioxidant defenses was more marked in the obese asthmatic mice. No significant differences was observed between two control groups (P>0.05).
Expression levels of IKK-β and IκB-α, and the transcriptional activity of NF-κB in pulmonary tissues.
In the asthmatic animals, the expression of IKK-β and transcriptional activity NF-κB were upregulated in the pulmonary tissues, compare with the pulmonary tissues obtained from the control groups (P<0.01; Fig. 3A and B) . By contrast, a significant reduction in the expression of IκB-α was observed in the asthmatic animals, compared with the control animals (P<0.01; Fig. 3C ). The expression of IKK-β and transcriptional activity of NF-κB were significantly higher in the obese asthmatic mice, compared with the non-obese asthmatic mice (P<0.01; Figs. 4 and 5) . In addition, compared with the normal control, the expression of IKK-β and transcriptional activity of NF-κB in the lung tissues of the obese control were higher (P<0.01). In the obese asthmatic group, the level of IκB-α was significantly lower, compared with those observed in the non-obese asthmatic group (P<0.01; Fig. 6 ). In the control groups, the expression levels of IκB-α were lower in the obese animals, compared with the non-obese animals (P<0.01).
Association between the concentration of MDA and transcriptional activity of NF-κB in pulmonary tissues. To investigate 
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the potential link between oxidative stress and the NF-κB signaling pathway, the present study determined the MDA (log) concentration and transcriptional activity of NF-κB using linear correlation analysis. The results showed that MDA was positively correlated with NF-κB in the obese asthmatic group (R=0.83; P<0.05) and the non-obese asthmatic group (R=0.82; P<0.05). However, no correlation was identified between MDA and NF-κB in either control group.
Discussion
Compared with the non-obese asthmatic mice, the clinical signs were more severe in the obese asthmatic group in the present study. In addition, the number of neutrophils was higher in the BALF obtained from the obese asthmatic mice. Furthermore, the concentrations of MDA in the pulmonary tissues and the BALF were higher in the asthmatic mice, compared with the control mice, and the level of MDA in the obese asthmatic mice was higher, compared with that in the non-obese asthmatic mice. In the present study, the activation of the NF-κB pathway in the pulmonary tissues was examined, and the results indicated that the pathway was significantly upregulated in the asthmatic mice, compared with the control mice. Additionally, the activation of the pathway was more marked in the obese asthmatic mice, compared with that in the non-obese asthmatic mice. In the two asthmatic groups, the activation of NF-κB was positively correlated with oxidative stress in the pulmonary tissues. Furthermore, the signs in the obese asthmatic mice were more severe, compared with those in the non-obese asthmatic mice, which may be associated with the enhanced oxidative stress and activation of NF-κB pathway in the pulmonary tissues. It is known that an increase in ROS levels is direct evidence of oxidative stress, however, it is difficult to detect the generation of ROS directly (15) . According to a previous study, the increased generation of ROS in asthma can cause damage to a wide range of biological molecules (16) . Systemic oxidative stress is elevated in asthmatic patients, which is characterized by increased levels of protein carbonyls and products of lipid peroxidation in the plasma (17) . MDA is a product of lipid peroxidation and is also a credible biomarker of oxidative stress. Exhaled breath condensate levels of MDA are increased in asthmatic children (18) , and concentrations of MDA are elevated in blood samples from obese patients, which indicate an increase of systemic oxidative stress (4) . However, few studies have been performed to investigate airway or lung levels of MDA in obesity or obesity co-occurring with asthma. In the present study, the levels of MDA in the lung and BALF, were determined, which revealed that the levels of MDA in the pulmonary tissues and BALF from the asthmatic mice were significantly higher than those in the controls. No statistical difference was noted in the levels of MDA between the obese control and normal control groups. Furthermore, compared with the non-obese asthma group, the generation of MDA in the obese asthmatic group was markedly increased (P<0.01). Another marker of oxidative stress, 8-isoprostanes, is a product of lipid peroxidation. In a previous study, analysis of the production exhaled 8-isoprostanes revealed that local oxidative stress in the airway was not associated with BMI in healthy non-asthmatic controls (19) . By contrast, another study reported that exhaled 8-isoprostanes was significantly increased in patients with simple obesity (15) . These results reflect controversies in the association between airway levels of local oxidative stress and simple obesity. Increasing evidence indicates that local oxidative stress in the airways of obese asthmatic patients is significantly higher, compared with that in asthmatic patients of normal weight. For example, a previous study reported that obesity was associated with increased exhaled 8-isoprostane in asthmatics and controls (15) , and Komakula et al reported that BMI was associated with an increase in the levels of exhaled 8-isoprostanes in adults with moderate to severe persistent asthma, compared with controls (5). However, the mechanisms underlying the Figure 5 . Transcriptional activity of NF-κB, determined using an electrophoretic mobility shift assay. NF-κB, nuclear factor-κB. ʻFree probeʼ refers to the probe not bound to NF-κB. association between obesity and the levels of local oxidative stress in the airways in asthma remains to be elucidated.
Several enzymatic and nonenzymatic antioxidants are involved in protective effects in the blood and lungs, including GSH peroxidase (GPx), superoxide dismutase (SOD), catalase and GSH (20) . It has been well acknowledged that GSH is important in the antioxidant defenses of the lung to counter oxidant-mediated toxicity (21) . Aberrant changes in antioxidant defenses have been reported in asthmatic patients. Decreased levels of GSH in erythrocytes have been reported in patients with mild asthma, compared with healthy controls (22) . In addition, the mean levels of GSH-Px in red blood cells are reduced in asthmatic patients (17) . SOD activity is also increased in the BAL of asthmatics (23) . Of note, studies have reported aberrant changes in antioxidant defenses in patients with simple obesity. For example, the erythrocyte activities of SOD, CAT, GSH-Px and GSH were decreased in obese children, compared with those in individuals of a normal weight (4). To our best knowledge, few studies have been performed to investigate the antioxidant defenses in obese patients with asthma. In the present study, it was confirmed that GSH was significantly decreased in the lung tissues and BLAF in obese asthmatic mice, compared with non-obese asthmatic mice (P<0.05). This may be one of the reasons for increase in asthma signs/symptoms.
The roles of the NF-κB pathway in the pathology of asthma and obesity have been well confirmed (10, 11) . Previous studies have shown that NF-κB activation is increased in peripheral blood mononuclear cells, liver and skin tissues of obese humans and animals (24) (25) (26) . In asthmatic models, the mRNA expression of NF-κB has been reported to be elevated in the lung tissues of ovalbumin-induced asthmatic mice, and its expression is reduced by the administration of the antioxidant, L-2-oxothiazolidine-4-carboxylic acid (10) . On this basis, the present study investigated the association between the NF-κB pathway and oxidative stress in obese asthmatic mice. The results of the present study revealed that the transcription activity of NF-κB was upregulated in the asthmatic mice, compared with the controls. In addition, the transcriptional activity of NF-κB in the obese asthmatic group was higher, compared with that in the non-obese asthmatic group. In the obese control group, the activation of NF-κB was higher than in the normal control group. The concomitant increase in the expression of IKK-β and decrease in expression of IκB-α were consistent with the observed change in NF-κB, as previously described (27) . In a similar study, following the objective intake of a 900 kcal mixed meal, the expression levels of NF-κB, IKK-α and IKK-β in the plasma increased significantly, the expression of IκB-α decreased and ROS generation increased in parallel, and indicated that the changes in the NF-κB pathway may be partly caused by increased oxidative stress (28) . It appears that increasing evidence suggests that ROS may mediate the activation of NF-κB, which in turn stimulates the generation of inflammatory cytokines (29) . To date, few studies have compared the activation of NF-κB with oxidative stress in obese asthmatics. In determining oxidative stress in the present study, the MDA concentrations were found to be significantly increased in the obese asthmatic mice, compared with the non-obese asthmatic mice. In addition, the elevation of MDA was positively correlated with NF-κB. However, no statistical difference was noted in MDA concentrations between the obese control group and normal control group, which was not in conformity with the changes in NF-κB. The possible reason for this is that pathogens, cytokines, oxidants, growth factors and chemokines activate NF-κB through different mechanisms (30) , and therefore, oxidative stress is only one of the important factors that is involved in the activation of NF-κB.
To date, few studies have been performed to investigate the correlation between the NF-κB signaling pathway and oxidative stress in the obesity-asthma association. The results of the present study indicated that oxidative stress was upregulated in the pulmonary tissues of asthmatic mice, and was positively correlated with the activation of the NF-κB signaling pathway in the lungs. In the obese asthmatic mice, the levels of oxidative stress and activation of NF-κB in the lung tissues were higher, compared with those in the non-obese asthmatic mice. It was hypothesized that oxidative stress induced tissue injury and activated the NF-κB pathway, which enhanced the inflammatory reactions and, in turn, the inflammatory reactions may have enhanced the oxidative stress. This may explain the deterioration of symptoms in the obese asthmatic mice, compared with the non-obese asthmatic mice.
